Background: Cancer cells favor the use of less efficient glycolysis rather than mitochondrial oxidative phosphorylation to metabolize glucose, even in oxygen-rich conditions, a distinct metabolic alteration named the Warburg effect or aerobic glycolysis. In adult cells, bifunctional 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase (PFKFB) family members are responsible for controlling the steady-state cytoplasmic levels of fructose-2,6-bisphosphate, which allosterically activates 6-phosphofructo-1-kinase, the key enzyme catalyzing the rate-limiting reaction of glycolysis. PFKFB3 and PFKFB4 are the two main isoenzymes overexpressed in various human cancers. Scope of review: In this review, we summarize recent findings on the glycolytic and extraglycolytic roles of PFKFB3 and PFKFB4 in cancer progression and discuss potential therapies for targeting of PFKFB3 and PFKFB4. Major conclusions: PFKFB3 has the highest kinase activity to shunt glucose toward glycolysis, whereas PFKFB4 has more FBPase-2 activity, redirecting glucose toward the pentose phosphate pathway, providing reducing power for lipid biosynthesis and scavenging reactive oxygen species. Co-expression of PFKFB3 and PFKFB4 provides sufficient glucose metabolism to satisfy the bioenergetics demand and redox homeostasis requirements of cancer cells. Various reversible post-translational modifications of PFKFB3 enable cancer cells to flexibly adapt glucose metabolism in response to diverse stress conditions. In addition to playing important roles in tumor cell glucose metabolism, PFKFB3 and PFKFB4 are widely involved in multiple biological processes, such as cell cycle regulation, autophagy, and transcriptional regulation in a nonglycolysis-dependent manner.
INTRODUCTION
Tumor cells take up and consume large amounts of glucose. However, tumor cells prefer to metabolize glucose through glycolysis rather than mitochondrial oxidative phosphorylation (OXPHOS), even in oxygen-rich conditions, producing large amounts of lactic acid; this phenomenon is called the Warburg effect or aerobic glycolysis [1, 2] . The complexity of metabolism in tumor cells far exceeds Warburg's initial anticipation [3] . In addition to glycolysis, some tumors cells rely on glutaminolysis, the pentose phosphate pathway (PPP), de novo fatty acid biogenesis, lipid droplet formation, and fatty acid oxidation [4e6] . As a hallmark of cancer metabolic reprogramming, active aerobic glycolysis not only allows rapid production of adenosine triphosphate (ATP) to support cell survival in energetic stress, but also satisfies anabolic metabolism by providing intermediate metabolites for the biosynthesis of nucleic acids, proteins, and lipids, which are important building blocks required for proliferating cells [7] . For example, carbon units derived from glucose can be used for de novo synthesis of nucleic acids, fatty acids, and amino acids [8] . It is hypothesized that aerobic metabolism may induce the selection of tumor cells able to survive under acidic and hypoxic conditions. The shift from mitochondrial OXPHOS to glycolytic metabolism also benefits tumor cells to reduce intracellular reactive oxygen species (ROS) levels, thereby enabling tumor cells to maintain cellular redox homeostasis and cell survival under nutrient limitation and prolonged hypoxia conditions [9e11] . Previous studies have deepened our understanding of the contribution of aerobic 1 glycolysis to epigenetic modifications, transcriptional regulation, and signal transduction, which all are fundamental in cancer development [12] . The conversion of fructose 6-phosphate (F6P) to fructose 1, 6-diphosphate (FBP) catalyzed by phosphofructokinase (PFK) 1 is the committed step to determine glycolytic flux. PFK1 is allosterically regulated by several metabolites, including ATP and fructose 2,6-bisphosphate (F-2,6-BP), a shunt product converted from F6P by PFK2 ( Figure 1 ). PFK2 is a well-known bifunctional enzyme that simultaneously exerts kinase and phosphatase activities, indicating that this enzyme catalyzes both the formation and degradation of F-2,6-BP. In humans, there are four isozymes of PFK2, i.e., PFKFB1, PFKFB2, PFKFB3, and PFKFB4, that exert tissue-specific expression patterns and distinct kinase-to-phosphatase activity [13] (Table 1 ). All four isozymes are induced by hypoxia in vivo; however, the hypoxia responsiveness varies in different organs [14] . In this review, we summarize the roles of PFK2 members, particularly PFKFB3 and PFKFB4, in the regulation of glucose metabolism and extra-glycolytic functions in cancer development.
REGULATION OF GLYCOLYTIC FLUX IN CANCER CELLS BY PFK2
The glycolytic flux in tumor cells is regulated by fine-tuning of different enzymatic reactions, enabling glucose-derived carbon units to enter other anabolic pathways, such as biosynthesis of nucleotides and proteins. Tumor cells exploit PFK2 to stimulate glycolysis [15] . Activation of oncogenic signaling, including Myc overexpression, estrogen receptor (ER) signaling, activation of Ras, and loss of p53, has been found to stimulate glycolysis in part by activating PFK2 isozymes [16, 17] . Among the four isoenzymes, PFKFB3 is frequently overexpressed in cancer, including breast cancer [18] , colon cancer [18, 19] , hepatocellular carcinoma (HCC) [20] , and high-grade astrocytoma [21] . PFKFB4 is also overexpressed in various human cancers, including prostatic small cell neuroendocrine carcinoma (SCNC) [22] , glioblastoma [23] , bladder cancer [24] , gastric cancer, and pancreatic cancer [25] ]. Overexpression of PFKFB3 is associated with poor survival in patients with HCC [19] , whereas high PFKFB4 expression predicts unfavorable prognosis in patients with primary glioblastoma and bladder cancer [23, 24] . PFKFB3 is an essential glycolytic mediator required for the oncogenicity of H-ras V12 . Loss of PFKFB3 suppresses anchorage-independent growth and tumorigenicity of H-ras V12 -transformed lung fibroblasts [26] . Silencing of PFKFB3 decreases cellular levels of F-2,6-BP, lactate, and ATP, suppressing anchorage-independent growth and inducing tumor cell apoptosis. Additionally, PFKFB3 stimulates glycolytic flux to support cancer cell growth [27e31]. Selective inhibition of PFKFB4 expression reduces F-2,6-BP, glucose uptake and tumor growth in vivo [32, 33] . Furthermore, silencing either PFKFB3 or PFKFB4 in lung adenocarcinoma H460 cells attenuates hypoxiainduced glycolytic flux and suppresses cancer cell proliferation and survival under hypoxia [32, 33] . PFKFB4 has been shown to be directly regulated by peroxisome proliferator-activating receptor g (PPARg) and is required for PPARg-stimulated glycolysis in HCC [34] . Depletion of PFKFB4 in brain cancer stem-like cells (CSCs) reduces lactate secretion and ATP levels but induces massive cell death, suggesting that PFKFB4 may be essential for maintaining the stemness of brain CSCs [23] . In response to mitophagy-dependent removal of mitochondria and energetic deficit during prolonged mitotic arrest, AMPactivated protein kinase (AMPK) signaling is activated, resulting in phosphorylation and activation of PFKFB3. AMPK positively controls glycolytic flux via mitotic-specific promotion of PFKFB3 translation and phosphorylation of PFKFB3 at Ser461. Silencing or pharmacological inhibition of PFKFB3 reduces F-2,6-BP levels, glucose consumption, and lactate production, leading to precocious mitotic cell death [35] . Similarly, depletion of PFKFB4 in mitotically arrested ovarian cancer cells causes a similar phenotype [36] , suggesting that the metabolic switch from OXPHOS to glycolysis represents a crucial mechanism utilized by cancer cells to escape from death during mitotic arrest. These studies indicate that replacement of oxidative respiration by PFK2-stimulated glycolysis may be involved in tumor refractoriness to microtubule poisons [37] . All four PFK2 members have simultaneous Figure 1 : PFKFB3 and PFKFB4 coordinate glycolysis and the PPP in cancer cells. PFKFB3 has the highest kinase:phosphatase ratio (710:1), whereas PFKFB4 has more phosphatase activity within a kinase:phosphatase ratio of 4.6:1. Both PFKFB3 and PFKFB4 are hypoxia inducible and contribute to hypoxia-induced glycolysis; however, their functions and biochemical properties are distinct. PFKFB3 strongly increases F-2,6-BP levels and promotes glucose utilization through glycolysis, but reduces glucose entry into the PPP. In contrast, PFKFB4 redirects more glucose through the PPP to produce NAPDH and ribose 5-phosphate, supporting ROS detoxification and lipid and nucleotide synthesis. Coexpression of PFKFB3 and PFKFB4 fine-tunes glucose metabolism in cancer cells, ensuring continued energy supply and redox homeostasis.
kinase and phosphatase activities. Although some studies have shown that the kinase domain of PFKFB4 is required for stimulating glycolysis and xenograft tumor growth [33] , the activities of PFKFB4 are more balanced, with the bisphosphatase activity being relative higher. Several independent studies have demonstrated the crucial role of PFKFB4 in managing ROS accumulation through diverting glucose metabolic intermediates to the oxidative arm of the pentose phosphate pathway (PPP) in various cancer cells [38e41] . These phenomena could be explained by the observation that the enzymes are also posttranslationally regulated; therefore, their relative kinase and bisphosphatase activities could adapt to the changing cellular needs. For example, ROS-induced S-glutathionylation of PFKFB3 inactivates its kinase activity and causes a metabolic shift from glycolysis to PPP, facilitating NAPDH generation and ROS detoxification in cancer cells [42] .
PFKFB3 CONTRIBUTES TO PATHOLOGICAL NEOVASCULARIZATION
Pathological angiogenesis and vascular malformations are common in solid tumors. Tumor vessels are irregularly shaped, within gaps between cells that cause vessel leakiness. Leaky, twisted blood vessels not only reduce the delivery of chemotherapy drugs but also accelerate tumor metastasis [43] . Tumor endothelial cells (TECs) exhibit active proliferation and migration abilities compared with normal endothelial cells (ECs). ECs, particularly TECs, primarily use glycolysis rather than OXPHOS for ATP generation [44] . The expression level of PFKFB3 is much higher in TECs than in normal ECs. Additionally, overexpression of PFKFB3 promotes vessel branching via inhibition of the pro-stalk activity of Notch signaling [44] . Upon hypoxia and human vascular endothelial growth factor stimulation, PFKFB3 expression is upregulated in ECs and promotes filopodia/lamellipodia formation and directional migration in ECs. Depletion of PFKFB3 in ECs suppresses xenograft tumor growth due to insufficient blood vessels [45] , and pharmacological inhibition of PFKFB3 by the small molecule 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) inhibits EC proliferation and migration, leading to reduced vessel sprouting in EC spheroids, zebrafish embryos, and postnatal mouse retinas [46] . A recent study revealed that genetic or pharmacological inhibition of PFKFB3 in TECs tightens the vascular barrier by reducing VE-cadherin endocytosis in TECs and promoting pericyte coverage on TECs, leading to improved vessel maturation and perfusion, thereby reducing tumor cell intravasation and metastasis without affecting cell proliferation or tumor volume [47] . Furthermore, PFKFB3 inhibition downregulates vascular cell adhesion protein-1, E-selectin, and intracellular adhesion molecule-1 expression in TECs through inhibition of nuclear factor-kB signaling, leading to impairment of tumor extravasation [47] . Traditional antivascular treatments aim to reduce angiogenesis and subsequently inhibit primary tumor growth. However, reducing angiogenesis hinders the delivery of chemotherapy drugs and may exacerbate internal hypoxia, creating a more hostile milieu and allowing tumor cells to escape via invasion and metastasis [48e52] . Given that traditional anti-angiogenic therapies have shown limited success, tumor vessel normalization by targeting PFKFB3-mediated glycolysis is emerging as a promising strategy for those "difficult-tocure" diseases associated with vascular dysregulation, such as cancer [53e56].
COORDINATION OF GLYCOLYSIS AND THE PPP IN TUMOR CELLS BY PFKFB3 AND PFKFB4
In addition to glycolysis, metabolic reprogramming also enhances the PPP in tumors to support cancer cell proliferation and metastasis [57e 60]. The PPP is a glucose metabolic pathway parallel to glycolysis and consists of two distinct arms. The first is the oxidative arm, in which glucose-6-phosphate (G6P) is converted to ribulose 5-phosphate coupled with generation of nicotinamide adenine dinucleotide phosphate (NADPH). The second arm is the nonoxidative synthesis of 5-carbon sugars as well as ribose 5-phosphate used for de novo nucleotide biosynthesis. Ribulose-5-phosphate from the oxidative PPP promotes acetyl-CoA carboxylase 1 activation and lipogenesis by inhibiting activation of liver kinase B1/AMPK signaling [61] . The PPP generates approximately 60% of NADPH in humans, which not only provides reducing power for the reductive biosynthesis of macromolecules such as lipids but also prevents oxidative stress by scavenging ROS [62] . Many NAPDH-requiring processes are essential for cell survival. Suppression of glucose 6-phosphate dehydrogenase, the rate-limiting enzyme of the oxidative PPP arm, leads to reduction of ribulose 5-phosphate but elevated ROS levels, thereby decreasing lipogenesis and RNA biosynthesis in cancer cells and attenuating cell proliferation and tumor growth [61] . Because glucose in cancer cells is primarily utilized through either glycolysis or the PPP, it should be shunted into these two pathways to balance anabolic metabolism and redox homeostasis, ensuring unlimited cell proliferation and escaping cell death. Both PFKFB3 and PFKFB4 are induced by hypoxia and are required for the glycolytic response to hypoxia [32] ; however, their biochemical characteristics are distinctly different. PFKFB3 has the highest kinase activity among the four isozymes and preferentially shunts glucose toward glycolysis. Inhibition of PFKFB3 reroutes glucose metabolism from glycolytic flux to PPP [42,63e66] . In contrast, silencing of PFKFB4 causes increases in F-2,6-BP level in glucose-dependent prostate cancer cells, which, in turn, siphons more glucose into glycolytic flux at the expense of PPP impairment and reduced NAPDH production, leading to apoptosis of prostate cancer cells and attenuating tumor growth. However, cosilencing of PFKFB3 reduces F-2,6-BP levels and rescues PC cells from cell death triggered by PFKFB4 deletion [38] , emphasizing the importance of an appropriate balance between glycolysis and the PPP for cancer cell survival. Interestingly, silencing of PFKFB4 impairs the PPP in prostate cancer cells but not in nonmalignant RWPE1 prostate cells [38] . An unbiased RNAi-based screen also showed that knockdown of PFKFB4 in prostate cancer cells impairs the PPP and causes ROS accumulation and induction of autophagy [40] . In a recent study, PFKFB4 was characterized as a binding partner of the oncogenic transcription factor SRC-3 and was found to promote SRC-3-driven transcription of target genes to participate in nonoxidative PPP and purine anabolism [41] . Similarly, depletion of PFKFB4 in p53-deficient cancer cells impairs the oxidative PPP, resulting in disruption of cellular biosynthetic activity and increasing ROS; this effect is not observed in cells expressing wild-type p53 [39] . This result could be explained by the observation that malignant cells, such as p53-mutant cells, require more pentose phosphate and NAPDH than non-transformed cells for nucleic acid synthesis and to maintain redox homeostasis; thus, the high phosphatase activity of PFKFB4 safeguards cancer cells from excessive oxidative stress. Moreover, wild-type p53 represses PFKFB3 transcription and reroutes glucose into the PPP to increase nucleotide production, thereby facilitating DNA damage repair [65] . Accordingly, tumor cells with different p53 genetic backgrounds are able to exploit different PFK2 isoenzymes to control the dynamic balance of glycolysis and PPP, ensuring cell survival. The functional differences between PFKFB3 and PFKFB4 allow tumor cells to exploit these enzymes as a pair of valves shunting glucose utilization through either glycolysis or the PPP [67] , altering the balance of bioenergetics and cellular redox homeostasis ( Figure 1 ).
POST-TRANSLATIONAL REGULATION OF PFKFB3 CONFERS METABOLIC FLEXIBILITY TO TUMOR CELLS
The transcription of all four PFK2 family members can be induced by hypoxia. Hypoxic induction of PFKFB isozymes is dependent on hypoxia-inducible factor-1a (HIF-1a) activation [14] . Moreover, activation of mammalian target of rapamycin (mTOR) signaling also upregulates PFKFB3 transcription in a HIF-1a-dependent manner [68] . In addition, PFKFB3 mRNA transcription is also directly regulated by ER. Estradiol (E2) stimulates glucose uptake and glycolysis in ER (þ) breast cancer cells through induction of PFKFB3 [69] . Steroid receptor coactivator (SRC)-2 along with progesterone receptor have been shown to bind to a progesterone-responsive element within the PFKFB3 promoter and activate its transcription in human endometrial stromal cells [70] . Transcription of PFKFB3 is also regulated by various stress stimuli (NaCl, H 2 O 2 , ultraviolet radiation, and anisomycin) through serum-response factor binding to a serum-response element in the PFKFB3 promoter [71] . A recent study revealed that the Ets transcription factor PU.1 promotes PFKFB3 transcription in tyrosine kinase inhibitor (TKI)-resistant chronic myeloid leukemia (CML) cells [72] . In addition to transcription control, translation of PFKFB3 mRNA is promoted by AMPK signaling during mitosis via involvement of a cytoplasmic polyadenylation element in the 3 0 -untranslated region of PFKFB3 mRNA [35] . PFKFB4 is also transcriptionally regulated by several oncogenic signaling pathways. For example, PFKFB4 is positively regulated by CD44 in prostate small cell neuroendocrine carcinoma cells [73] . Additionally, fibroblast growth factor-2 promotes PFKFB4 transcription by activating the binding of the transcription factor CREB to a putative CRE-binding sequence in the PFKFB4 promoter [74] . Otherwise, both promoters of PFKFB3 and PFKFB4 have p53 response elements, and the transcription of these genes is directly repressed by wild-type p53 [39, 65] . In addition to transcriptional control of enzymes, reversible modifications of existing metabolic enzymes provide a more flexible and economical way to quickly respond to environmental changes at the metabolic level. Among the four PFK2 isozymes, PFKFB3 is the most intensively studied. PFKFB3 protein stability, subcellular localization, and kinase activity are reversely regulated by various post-translational modifications in response to stress stimuli, which allows tumor cells to make rapid adaptive changes to metabolic stress.
Regulation of PFKFB3 activity by phosphorylation
Tumor cells, vascular ECs, and smooth muscle cells express highly phosphorylated PFKFB3 proteins. Phosphorylated PFKFB3 has higher kinase activity than its unphosphorylated form [75] . AMPK is a central cellular energy sensor that promotes or suppresses cancer cell survival in a context-dependent manner. An increase in the AMP/ATP ratio leads to activation of AMPK. Upon activation, AMPK stimulates catabolic metabolism and inhibits anabolic processes [76] . AMPK is activated under ATP deprivation conditions, such as hypoxia [77, 78] . Subsequently, activation of AMPK promotes the survival of hypoxic tumors through induction of autophagy [79, 80] and promotion of fatty acid oxidation [81] . Increase of AMP would not only activate AMPK to promote survival in hypoxic tumors but would also be expected to allosterically stimulate PFK-1 activity to enhance glycolysis [82] . AMPK phosphorylates PFKFB3 at Ser461, enhances the glycolytic activity of PFKFB3, and promotes the proliferation of cancer cells [19, 83] ( Figure 2 ). Phosphorylation of PFKFB3 at Ser461 by AMPK rapidly provides sufficient ATP, which alleviates the bioenergetic crisis resulting from mitophagy-mediated removal of mitochondria and prevents mitotic cell death during prolonged mitotic arrest [35] ( Figure 2 ). It needs to be clarified that under hypoxic conditions, PFKFB3 activation by AMPK-induced phosphorylation of Ser461 would increase glycolytic flux via a rise in F-2,6-BP which allosterically stimulates PFK1 activity. AMPK also phosphorylates heart PFKFB2 at Ser466 (equivalent to Ser461 of PFKFB3) and promotes heart glycolysis during ischemia [74] , suggesting that Ser461 in PFK2 members is a pivotal regulatory site for determining glycolytic flux. However, the phosphorylation of PFKFB4 has not been extensively studied to date, which might be due to the fact that sites in the N-and C-terminal regulatory domains of the other PFKFB isoenzymes are not conserved. In addition to AMPK, p38/mitogen-activated protein kinase-activated protein kinase 2 also phosphorylates PFKFB3 at Ser461 upon exposure to stress stimuli [71] (Figure 2 ). Phosphorylation of PFKFB3 protein at Thr463 and Ser467 by cyclin-dependent kinase (CDK) 6 also leads to enhanced glycolysis and breast cancer cell proliferation [84] ( Figure 2 ). In contrast, phosphorylation at Ser269 of PFKFB3 by inhibitor of nuclear factor kappa-B kinase subunit beta (IKKb) in response to low glutamine conditions inhibits its activity [85] (Figure 2 ). Reversible phosphorylation of PFKFB3 protein allows tumor cells to rapidly adjust their bioenergetics to cope with the complexity of the tumor environment and variable stress states within tumors.
ROS-dependent S-glutathionylation of PFKFB3
Persistent glycolysis and redox regulation are two intertwined processes. Glycolytic flux largely affects intracellular ROS levels. For example, enhanced activity of PFKFB3 in T lymphocytes increases ROS generation as an end product of glycolysis [86] . Excessive oxidative stress in turn induces failure of glycolysis by inactivating a number of glycolytic enzymes, such as glyceraldehyde 3-phosphate dehydrogenase, pyruvate kinase M2 (PKM2), and PFK1 [87] . Because excessive ROS accumulation disrupts cell survival, cancer cells must maintain redox homeostasis through metabolic redirection based on intracellular ROS levels [87, 88] . In the presence of excessive ROS, PFKFB3, rather than other PFKFB isoenzymes, is S-glutathionylated on Cys206, which is a critical residue near the entrance to the 6-phosphofructo-2-kinase catalytic pocket, resulting in decreased catalytic activity for synthesis of F-2,6-BP [42] (Figure 2 ). S-glutathionylation on Cys206 induced by high ROS levels inactivates PFKFB3 and leads to shifting glucose Review utilization from glycolysis to the PPP, ensuring NAPDH production, regeneration of glutathione (GSH), and ROS detoxification in cancer cells (Figure 2 ). ROS-sensitive regulation of PFKFB3 activity allows tumor cells to use glucose, thereby permitting the synthesis of antioxidants, such as NAPDH and GSH, at the expense of glycolytic energy management. This process also enables cells to escape the detrimental effects of excessive oxidative stress. Thus, S-glutathionylation of PFKFB3 provides cancer cells with a reversible and faster thiolbased switch independent of transcriptional or signaling pathways to cope with oxidative damage through metabolic rewiring.
Regulation of PFKFB3 protein stability by polyubiquitination and methylation
Ubiquitin-mediated proteasomal degradation of PFKFB3 protein reroutes glucose metabolism from glycolysis to the PPP, thereby promoting NAPDH production and maintenance of the proper intracellular redox environment under conditions of nutrient deprivation. Two distinct degradation sequences of PFKFB3 protein, i.e., the KEN box and DSG motif Ser273, are required for recognition by APC/C FZR1 and SCF-BTRC E3 ligase complexes, respectively ( Figure 2 ) [63] . In contrast, activation of the N-methyl-D-aspartate subtype of glutamate receptors prevents APC/ CDH1 -mediated proteasomal degradation of PFKFB3 protein in cortical neurons, leading to oxidative stress and apoptosis of neurons due to an insufficient PPP [66, 89] . Asymmetrical dimethylation at Arg131 and Arg134 of the N-terminal fragment of PFKFB3 leads to stabilization of PFKFB3 protein in human leukemia U937 cells (Figure 2 ). Protein arginine methyltransferase (PRMT) 1 and PRMT4 are responsible for dimethylation at these two sites of PFKFB3 in vitro. Carbon monoxide (CO), a byproduct of heme oxygenase-1 (HO-1), catalyzes heme degradation processes and reduces methylation of PFKFB3 by inhibiting heme-containing cystathionine b-synthase (CBS) activity, which plays a crucial role in protein arginine methylation [90] . Reduced methylation leads to K142 polyubiquitination of PFKFB3 followed by proteasomal degradation, shifting glucose utilization from glycolysis toward the PPP [64] (Figure 2 ). The HO-1/CO system is upregulated in tumor tissues upon exposure to anticancer reagents, radiation therapy, oxidative stress, or prolonged hypoxia, resulting in promotion of tumor neovascularization and drug resistance [91] . CBS knockdown suppresses PFKFB3 methylation and causes metabolic rewiring toward the PPP and acquisition of chemoresistance [59] , consistent with the observation that metabolic remodeling from glycolysis to the PPP contributes to drug resistance by increasing NADPH and reducing glutathione used for drug detoxification [92] .
5.4. Regulation of cytoplasmic/nuclear shuttling of PFKFB3 by acetylation Various metabolic enzymes can translocate from the cytoplasm to the nucleus and exert nonmetabolic functions [93] . One example is PKM2, an alternative splicing isoform of the PKM gene. Upon stimulation of epidermal growth factor receptor signaling, PKM2 is phosphorylated at Ser37 in the cytoplasm, leading to a conformational change in PKM2 from a tetramer to a monomer and inducing translocation into the nucleus [94, 95] . PFKFB3 protein also shuttles from the cytoplasm to the nucleus in transformed cells. Nuclear PFKFB3 protein stimulates cancer cell proliferation via an extraglycolytic mechanism [96] . A nuclear localization signal (NLS) sequence, KKPR (amino acid residues 472e475), at the COOH-terminal of PFKFB3 is required for trafficking of PFKFB3 protein to the nucleus; Lys472 and Lys473 are key residues in this sequence [96] (Figure 2 ). Continued excessive glycolysis can reduce glucose utilization through the PPP, resulting in insufficient NAPDH production and oxidative stress. Considering the inadequate blood supply inside tumor tissues and the limited glucose source, nuclear PFKFB3 protein allows cancer cells to proliferate without weakening the PPP and disrupting intracellular homeostasis. Acetylation at Lys472 of PFKFB3 protein disrupts the NLS motif and promotes cytosolic retention of PFKFB3 by impairing the interaction between PFKFB3 and importin a5 [83] . p300/CBP-associated factor (PCAF) and GCN5 are primarily responsible for catalyzing Lys472 acetylation in PFKFB3, and sirtuin 1 is the major deacetylase [83] (Figure 2 ). Although acetylation of PFKFB3 does not affect its intrinsic 6-phosphofructo-2-kinase activities, cytosolic retention of PFKFB3 by Lys472 acetylation increases the phosphorylation of PFKFB3 at Ser461 (Figure 2 ), which is known to be associated with enhanced glycolysis activity. DNA damage induced by cisplatin stimulates PFKFB3 acetylation on Lys472 in an ATM-dependent manner, which then promotes glycolysis and protects cells from apoptosis. Notably, the protective effects of cytoplasmic PFKFB3 are highly dependent on its catalytic activity [83] , suggesting that increased glycolysis is important for survival of cancer cells in the presence of cisplatin. Increased glycolytic activity rapidly provides ATP for cell survival during a bioenergetic crisis, consistent with the hypothesis that increased intracellular ATP enables tumor cells to use ATPdependent transporters, such as P-glycoprotein (MDR1 protein), to pump cytotoxic drugs out and hence increase cell survival [97] . Another explanation is that ATP production from glycolysis facilitates the phosphorylation of BAD, a pro-apoptotic BH3 domain only protein.
Deprivation of ATP generated by glycolysis induces rapid dephosphorylation of BAD at Ser112, allowing replacement of Bcl-2 or Bcl-xL associated with BAX and then activation of intrinsic mitochondrial apoptosis pathway [98] .
EXTRA-GLYCOLYTIC FUNCTIONS OF PFKFB3 AND PFKFB4 IN CANCER
Growing evidence has suggested that glycolytic enzymes exert nonglycolytic roles in the regulation of various physiological or pathological processes [12] . In addition to well-recognized roles in aerobic glycolysis, biosynthesis, and redox homeostasis, PFKFB3 and PFKFB4 have also been implicated in transcriptional regulation, cell cycle progression, and autophagy.
6.1. Regulation of the cell cycle by nuclear PFKFB3 PFKFB3 protein translocates to the nucleus in transformed cells [20, 96] . Overexpression of nuclear PFKFB3 markedly accelerates cell proliferation without increasing glycolytic activity, indicating that nuclear PFKFB3 exhibits an extraglycolytic role to promote cell proliferation [96] . Recent studies have unveiled the association of PFKFB3 with CDKs and established the roles of nuclear PFKFB3 in cell cycle regulation. The expression of nuclear PFKFB3 (variant 5) promotes cell growth by upregulating CDK1, CDC25C, and CCND3 while downregulating p27 protein levels in HeLa cells (Figure 3 ). This function of Figure 3 : Nuclear PFKFB3 promotes cell cycle progression via modulating CDK activities. Wild-type PFKFB3 is mainly localized in the nucleus. Nuclear PFKFB3 activates CDK1 in the presence of F-2,6-BP, resulting in CDK1-mediated phosphorylation of p27 at Thr187 and subsequent proteasomal degradation. Nuclear PFKFB3 also directly binds to CDK4 and promotes the formation of the HSP90/Cdc37/CDK4 complex, which stabilizes CDK4 protein and accelerates G 1 /S phase cell cycle progression. PFKFB3 in promoting proliferation is dependent on both its kinase activity and nuclear localization because both kinase-inactive (Arg75/ Ala76) and cytoplasmic (Lys472/473Ala) mutants fail to stimulate cell proliferation, suggesting that nuclear delivery of F-2,6-BP is required for cell cycle regulatory functions [96] . Further research has indicated that nuclear F-2,6-BP activates CDK1, leading to CDK-mediated phosphorylation of the Cip/Kip protein p27 at Thr187, which in turn results in ubiquitination and proteasomal degradation of p27 (Figure 3) . Silencing of PFKFB3 in HeLa cells delays G 1 /S phase progression of the cell cycle and promotes apoptosis [99] . A recent study demonstrated that PFKFB3 binds directly to CDK4 and prevents CDK4 from undergoing proteasomal degradation mediated by the heat shock protein (HSP) 90/Cdc37/CDK4 complex. Loss of PFKFB3 disrupts the HSP90/ Cdc37/CDK4 complex, resulting in rapid ubiquitination and degradation of CDK4 (Figure 3) . Lys147 of PFKFB3 is crucial for binding with CDK4, and mutation of this lysine residue to alanine abolishes this interaction and fails to stabilize CDK4 protein [100] . Interestingly, PFKFB3 is associated with both CDK6 and F-Box and WD repeat domain containing 7. Association with CDK6 increases PFKFB3 phosphorylation on Thr463 and Ser467 in breast cancer cells [84] .
PFKFB 4 acts as a protein kinase and is involved in transcriptional regulation
A major discovery in recent years is that some metabolic enzymes can act as protein kinases, as exemplified by PKM2. Nuclear PKM2 phosphorylates histone H3 at Thr11 to regulate gene transcription [101] . In addition, PKM2 also phosphorylates a number of non-histone proteins, including Bub3, myosin light chain 2 [102] , and PAK2 [103] , to regulate mitosis and invasiveness in cancer. A recent study uncovered a previously unrecognized role of PFKFB4 as a protein kinase; PFKFB4 phosphorylates the CBP-interacting domain of SRC-3 on Ser857 by transferring a phosphate group from ATP, thereby increasing SRC-3 activity. Phosphorylation at Ser857 promotes the association of SRC-3 with ATF4 and recruitment to the target gene transketolase (TKT; Figure 4 ), which is a major metabolic enzyme mediating the nonoxidative PPP and purine synthesis. In addition, SRC-3 also upregulates two other enzymes that directly or indirectly participate in purine anabolism, i.e., adenosine monophosphate deaminase-1 (AMPD1) and xanthine dehydrogenase (XDH; Figure 4) . Silencing of either PFKFB4 or SRC-3 reduces not only the intracellular pools of ribose-5P but also the concentration of purine nucleotides and intermediates, including adenosine, xanthine, and guanine, in high glycolytic breast cancer cells [41] . These results are consistent with previous reports demonstrating that PFKFB4 is essential for the PPP in cancer cells [38, 39] . Thus, PFKFB4 promotes glucose utilization through the PPP via both metabolic and transcriptional regulation. Furthermore, PFKFB4-dependent SRC-3 phosphorylation at Ser857 also promotes ER activity in the presence of E2 and glucose (Figure 4) . However, the possibility that PFKFB4 acts as a protein kinase is still a preliminary hypothesis, and additional studies are needed to confirm the protein kinase function of PFKFB4 and to clarify how PFKFB4 phosphorylates SRC-3 protein. Future studies should also evaluate whether SRC-3 phosphorylation on Ser857 is inhibited by the PFKFB4 6-phosphofructo-2-kinase inhibitor 5MPN. Moreover, it is still unclear whether PFKFB4 directly phosphorylates SRC-3 or an insect protein kinase bound to PFKFB4 mediates the phosphorylation of SRC-3 [104] .
Regulation of autophagy by PFKFB3 and PFKFB4
Degradation of cytoplasmic contents by active autophagy is required for efficient metabolic adaptation to fulfill biosynthetic demand [86, 105] . Atg5-independent mitophagy contributes to metabolic reprogramming from mitochondrial oxidative phosphorylation to glycolysis during prolonged mitotic arrest [106] . In contrast, autophagy is essential for cancer cell survival by providing the metabolites required for the maintenance of mitochondrial respiration and redox homeostasis when glycolysis is blocked [107] ]. Autophagy is regulated by various stress stimuli, including nutrient deprivation, oxidative stress, and hypoxia, and is also associated with drug resistance [108e110]. Because PFKFB3 and PFKFB4 differentially implicated in maintaining energy production and redox homeostasis, they can either promote or suppress autophagy in a cell context-or stimulus type-dependent manner. A cytoplasmic PFKFB3 Lys472/473Ala mutant was found to strongly stimulate glycolytic ATP generation, thereby inhibiting autophagy in renal cell carcinoma (RCC) cells [111] . Similarly, loss of PFKFB3 function in HCT-116 colon adenocarcinoma cells by either siRNA transfection or 3PO treatment triggers autophagy due to reduction of glycolytic ATP generation [30] . However, PFKFB3 also exhibits autophagy-promoting functions in RCC cells. These activities of PFKFB3 are dependent on its nuclear localization and are related to redox homeostasis [111] . Reduction of PFKFB3 expression shunts glucose metabolism into the PPP and produces excessive NAPDH, resulting in reductive stress and limited utilization of autophagy, as demonstrated in rheumatoid arthritis (RA) CD4 þ T cells. Silencing of PFKFB3 in T-cell receptor-stimulated T cell blasts suppresses autophagy, and forced expression of PFKFB3 accelerates autophagic flux [112] . However, PFKFB3 is not required for rapamycin-induced autophagy flux in RCC cells, indicating that PFKFB3 is likely to regulate autophagy in a stimulus type-dependent manner [111] . PFKFB4 can also positively or negatively regulate autophagy. Depletion of PFKFB4 decreases flux into the PPP, which impairs NADPH generation and enhances ROS levels to induce autophagy [40] . A recent study showed that PFKFB4 is positively regulated by endothelial tyrosine kinase (Etk) and directly binds with Etk in small cell lung cancer (SCLC) cells. Depletion of either Etk or PFKFB4 in SCLC cells decreases autophagic activity. Conversely, high expression of PFKFB4 contributes to acquisition of chemoresistance and is correlated with poor chemotherapy responses and prognosis in patients with SCLC [113] . However, the mechanisms through which PFKFB4 regulates autophagy are still unclear, and further studies are needed to determine how the interaction between Etk and PFKFB4 regulates autophagy induction in chemoresistant SCLC cells.
TARGETING PFKFB3 AND PFKFB4 AS A THERAPEUTIC STRATEGY IN PATIENTS WITH CANCER
The reliance of cancer cells on glycolysis for ATP generation may represent an effective method for killing cancer cells, particularly for cells with mitochondrial respiratory defects. Furthermore, increased glycolysis in tumor cells is frequently associated with drug resistance, suggesting that drug resistance may be overcome by inhibition of glycolysis in cancer cells [98, 114] . PFKFB3 and PFKFB4 are the major PFK2 isozymes overexpressed in human cancers and therefore attracted more attention owing to their potential applications as therapeutic targets [115] .
The first small molecule antagonist of PFKFB3 is 3PO. 3PO inhibits recombinant PFKFB3 activity and exerts antitumor effects in tumorbearing mice. Ectopic expression of PFKFB3 suppresses the cytostatic activity of 3PO in Jurkat T cell leukemia cells and confers resistance to 3PO, accompanied by increased F-2,6-BP levels, supporting that 3PO functions in part by inhibiting the PFK2 activity of PFKFB3 [116] . Moreover, 3PO sensitizes breast cancer cells to microtubule poisons [35] , suggesting that inhibition of PFKFB activity in combination with conventional chemotherapeutic drugs may have synergistic effects on cancer cells. Furthermore, inhibition of PFKFB3 by 3PO leads to tumor vessel normalization, thereby reducing metastasis and enhancing the chemotherapy efficacy of cisplatin [47] . These findings highlight the potential therapeutic opportunities for normalizing tumor vessels in malignant disease. Due to its poor water solubility and the relatively high dose required to achieve sufficient efficacy, 3PO has not been evaluated in clinical trials in patients with cancer. Additionally, 3PO displays no selectivity against PFKFB3 and shows similar half-maximal inhibitory concentrations for the four PFKFB isoenzymes [117] . PFK15 (1-(4-pyridinyl)-3-(2-quinolinyl)-2-propen-1-one) is a 3PO derivative in which a pyridinyl ring is substituted with a quinolinyl ring. Computational modeling suggests that both 3PO and PFK15 dock in the substrate-binding domain of PFKFB3. However, the quinolinyl ring of PFK15 closely interacts with residues from the ADP/ATP binding site of PFKFB3, conferring PFK15 with approximately 100-fold more activity against PFKFB3 than 3PO. Furthermore, PFK15 is more specific than 3PO, with no obvious effects on the activities of purified PFK1, hexokinase, phosphoglucose isomerase, PFKFB4, or any of the tested 96 kinases, and displays improved pharmacokinetic properties compared with 3PO [118] . PFK15 suppresses glucose uptake by tumors in vivo and exhibits antitumor efficacy comparable to that of commonly used chemotherapeutic drugs (e.g., irinotecan and gemcitabine) [118] . Additionally, PFK15 exerts potent antitumor effects in multiple human cancer models, including HCC, head and neck squamous cell carcinoma, and gastric cancer cells [20, 119, 120] . Combined treatment with PFK15 and other compounds affecting glucose metabolism results in synergistic antitumor effects [121, 122] . Studies have also shown that inhibition of glycolysis restores the sensitivities of resistant cancer cells to chemotherapy. For example, PFKFB3 silencing or inhibition by 3PO or PFK15 markedly enhances the antitumor effects of TKIs such as imatinib in CML cells and prolongs the survival of allo-transplanted and xeno-transplanted CML model mice [72] . To date, only one PFK15 derivative, PFK-158, has entered a phase 1 clinical trial (clinicaltrials.gov #NCT02044861). Preclinical studies have indicated that PFK158 is a potent and specific PFKFB3 inhibitor, suppressing glycolysis and tumor growth in a mouse model. [123] . Using structure-based virtual computational screening, Chesney et al. discovered a first-in-class PFKFB4 inhibitor, 5-(n-(8-methoxy-4-quinolyl) amino) pentyl nitrate (5MPN), which showed potent antitumor effects and high oral bioavailability in a preclinical mouse model [124] . 5MPN appears to competitively bind to the F6P binding site of PFKFB4 and suppresses its kinase activity, reducing intracellular F-2,6-BP, glycolysis, and ATP content, which, in turn, suppresses lung adenocarcinoma cell proliferation. Notably, however, 5MPN does not affect PFK1 or PFKFB3 activity and does not alter the activity of 97 protein kinases at 10 mM, suggesting that 5MPN has selectivity for PFKFB4. Moreover, 5MPN selectively inhibits RAS-transformed cell proliferation and tumor growth but exerts little effect on normal cells, consistent with the hypothesis that malignant transformed cells rely more heavily on glycolysis [124] . Importantly, the FBPase-2 activity of PFKFB4 is crucial for maintaining redox balance and promoting prostate cancer cell survival [38] . Additionally, depletion of PFKFB4 leads to accumulation of ROS and cell death in p53-deficient cells [39] . However, no strategies to selectively inhibit FBPase-2 activity have been developed. Table 2 summarizes small molecule antagonists of PFKFB3 and PFKFB4.
PERSPECTIVES
Although increased glycolysis is fundamental to cancer development, due to the complexity of metabolic reprogramming, pharmacologic disruption of glycolysis has not been shown to have clinical benefits. Excessive glucose consumption via glycolysis disrupts NADPH homeostasis, sensitizing cancer cells to oxidative cell death [125] . Thus, rather than attempting to inhibit glycolysis in the clinic, this high dependence on glycolysis may be exploited as a metabolic weakness that sensitizes tumor cells to oxidative death. For example, IKKbdeficient cancer cells exhibit constitutive activation of PFKFB3, making these cells highly sensitive to glutamine depletion-induced cell death [85] . Ferroptosis is an iron-dependent mechanisms of programmed cell death triggered by peroxidation of unsaturated phospholipids. Blocking of cysteine-dependent GSH synthesis by inhibition of cysteine/glutamate antiporter (system Xc À ) or loss of glutathione peroxidase 4 activity disrupts the antioxidant defenses of the cell, leading to cancer cell death by ferroptosis [126, 127] . Additionally, loss of PFKFB4 disrupts the NAPDH-generating PPP and leads to toxic ROS accumulation, ultimately resulting cancer cell death [38, 39] . Thus, inhibition of PFKFB4 may offer a metabolic vulnerability point to ferroptosis-inducing therapeutics. In cancer biology, metabolic heterogeneity, which not only presents across human tumors [128, 129] but also exists within different regions of the same tumor [130] , has become a major challenge. Although intratumor heterogeneity is well documented at the genetic level, the interactions between intratumor metabolic differences and genetic variations are less clear [131] . Although several technologies for characterization of intratumor heterogeneity at the genetic and epigenetic levels have been developed [132] , methods for measurement of intratumor metabolic differences are urgently needed. Moreover, several topics should still be studied. For example, PFKFB4 has been shown to act as a protein kinase; however, it is still unclear whether specific inhibitor against the protein kinase activity of PFKFB4 can be developed without affecting its metabolite kinase activity. Surprisingly, although PFKFB3 activity is regulated by multiple forms of covalent modification, this is not the case for PFKFB4. Additional studies are needed to explore the possibility that post-translational modifications controls PFKFB4 activity under various stressful conditions during cancer progression. PFKFB3 has the highest kinase activity of all PFK isoforms and is primarily localized in the nucleus, suggesting that this protein may also act as protein kinase. Therefore, it is necessary to test this hypothesis and identify the substrates of this protein.
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